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BROADBAND, HIGH-PERFORMANCE COUPLERS WITH DIELECTRIC OVERLAYS
FOR MICROWAVE INTEGRATED-CIRCUIT APPLICATIONS

OBJECTIVES

The object of this effort was to develop a class of high-performance, broadband, di-
rectional couplers from a systematic design approach that could be used in the production
of microwave integrated-circuit (MIC) systems. Thus the coupler design technique stressed
predictability and repeatability with a minimum of effort.

Three directional couplers were to be made with nominal coupling values of 6-, 10-,
and 20-dB. These couplers represent respectively values of tight, and intermediate loose,
coupling in common use. A set of high-performance electrical specifications was drawn
up for each microstrip coupler (Table 1) using the performance achievable in its corres-
ponding stripline counterpart as a guideline. In addition, it was also desired that these
components exhibit minimal size and be fabricated by standard production techniques.
Success in this type of investigation usually depends on the degree in which these cou-
plers can be modeled for computer analysis. In the following section the choice of the
type of coupler is made and the formulation of the design approach is described.

Table 1
Design Objectives* (Frequency Bandwidth: 2.5 - 8.5 GHz)

Coupling Worst Directivity Max. Losst
Coupler (dB) VSWR (dB) (dB)

6 dB 6 ± 0.75 1.3 15 2.3

10 dB 10 ± 0.75 1.3 15 1.2

20 dB 20 ± 0.75 1.3 15 0.5

*The values in this table include the effects of the terminations, connectors and VSWR's.
tIncluding the coupled signal.

BASIC COUPLER TYPES

In general, there is a variety of coupler types available that can be used for the
same application. It becomes a question of compromise when one type is selected over
another. One serious problem encountered in programs for the development of broad-
band MIC couplers is the difficulty in maintaining good directivity over the band. Degra-
dation of directivity occurs when the even- and odd-mode phase velocities are unequal.

Note: Manuscript submitted February 11, 1,975.
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Two rather successful techniques used to control this problem are the wiggly-line [1]
and dielectric-overlay approaches. For tight- and intermediate-coupling values, the wiggly
line is an appealing technique since it can be incorporated into the lithography. Unfor-
tunately, complete information for designing wiggly-line couplers is not currently available
in the open literature. Furthermore, for loose coupling this approach becomes less effec-
tive and is inadequate for coupling values less than -17 dB. This is not true for the
dielectric-overlay approach, which is effective for all values of coupling. It was mainly on
this basis that edge-coupled microstrip lines with dielectric overlays were chosen as the
basic configuration. Broadside-coupled lines were not considered because of the difficulty
of interfacing them into MIC systems.

A single quarter-wavelength-section coupler will provide reasonable coupling per-
formance for a bandwidth less than 2:1, but additional coupling sections are required
for greater bandwidths. Calculations showed that the desired bandwidth requirement
could be satisfied by a two-section asymmetric coupler. Had phase quadrature outputs
been needed, it would have been necessary to go to a three-section symmetric coupler.
Each coupling section is completely covered with a dielectric overlay whose dimensions
are established by the coupled transmission lines. This type of coupler is readily fabri-
cated in a microstrip format and has a geometry suitable for computer analysis. A de-
tailed description of the design approach and development of the 6-, 10-, and 20-dB di-
rectional couplers follows.

DESIGN APPROACH

The 6-, 10-, and 20-dB microstrip couplers were fabricated on 25-mil-thick alumina
substrates having a dielectric constant K = 10. Similar alumina substrates were cut up
to provide the dielectric overlays which were fastened to the coupler with stycast epoxy
(K - 10). A typical overlay coupler is shown in Fig. 1.

Each coupler had an asymmetric pattern using two quarter-wavelength (at midband
frequency) coupling sections connected in cascade. One need bear in mind, however,
that this approach is equally applicable to both asymmetric and symmetric directional
couplers.

Initial coupling values for each section were taken from Levy's Tables [2], and the
length of each section was determined from previous in-house work [3]. Coupling per-
formance curves were then calculated (Appendix B) for these values of section coupling
and length. Adjustment of these parameter values might be necessary to obtain the de-
sired coupling performance over the band. Having done this, the length and lossless
coupling value of each section are resolved, and only the dissipative loss of the device
must be accounted for. In this case, for each coupler described a loss factor of 0.5 dB
proved to be adequate. This loss estimate was based on previous coupler investigations,
supplemented by open-literature information on isolated microstrip losses [4].

At this point the design objectives, adjusted for the loss expectations, furnish suf-
ficient information to use a computer-program analysis which will determine the electrical
characteristics for a given cross-section geometry of coupled microstrip transmission lines
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covered with a dielectric overlay. Program MICDOC [5] was developed for this purpose
using a method of moments analysis implemented for digital computers. Figure 2a shows
the input parameters which must be supplied to MICDOC. For a quarter-wavelength-long
section characterized by such a set of parameters, MICDOC computes values for: the
midband coupling, the characteristic impedance of the coupled lines, the even- and odd-
mode impedances, the even- and odd-mode phase velocities, and the average phase velo-
city. The question of fabrication feasibility is clearly resolved by this computer-aided
design approach. For a two-section coupler, Figs. 2b and 2c illustrate respectively the
positioned dielectric overlays on the circuit pattern and the geometry of the inter-section
transition.

When the design objectives have been theoretically satisfied, a directional coupler
can be fabricated and evaluated. For the first model couplers, performance tests will
usually show the coupling and match to be in good agreement with the design values,
but the isolation will probably be very poor. This indicates that the even- and odd-mode
phase velocities differ. This difference can be minimized by appropriately changing the
thickness T of the dielectric overlay. Unfortunately, as T is adjusted to give optimum
isolation, the match and coupling will also change, but to a lesser degree. If the change
in T is too drastic, a new coupler geometry (with the new value of T) must be calculated
by MICDOC to restore the proper impedance and coupling values. Empirical optimiza-
tion of the directivity is obtained iteratively by repeating this operation until the desired
performance characteristics are achieved. In practice, two or three rounds of this pro-
cedure are usually sufficient.

Furthermore, the test and evaluation of the coupler may indicate that the electrical
lengths of the coupling section need adjusting. The exact value of this parameter is dif-
ficult to specify a priori because it is affected by the section coupling level and the
intersection transition region. Errors in electrical length are manifested by a "tilting" or
asymmetry of the coupling curve about the midband frequency (Appendix C).

At this point in the development method, regardless of the number of design and
fabrication iterations, if the directional coupler exhibits satisfactory electrical perform-
ance characteristics, it will be referred to as a "systematic" coupler. This implies that
the device has been developed in a format suitable for integrated systems. Every param-
eter is specified, and repeatability in production has been reduced to quality-control ef-
fectiveness. The systematic coupler is the prime objective of this design technique, but
another option does exist. In the pragmatic case, where the only concern is to fulfill a
specified need, a systematic coupler which does not quite meet specifications can fre-
quently be "tuned" empirically to achieve the specified performance. This type of
coupler generally sacrifices repeatability, since its performance must be monitored during
the tuning operation. Unlike the systematic coupler which has prescribed dielectric over-
lays positioned solely by the coupler-pattern geometry, the tuned coupler is likely to have
partial overlays (overlays with either length or width differing from those prescribed)
located in disoriented positions relative to the circuit pattern.

3



SHELEG AND SPIELMAN

During the development work, it was observed that the overlay thicknesses on the
various sections of multiple couplers are interdependent. This suggests that an option
exists to work on either individual coupling sections or the whole multisection device.
Nevertheless, there are times when it is more expedient and economic to empirically
tune a systematic coupler section by section. Some examples are provided in the next
section, which compares the performance characteristics of a systematic coupler and a
tuned coupler having the same coupling value. Figure 3 capsulizes the design procedure
just described and used to develop all the hardware reported on in this study.

Fig. 1 - Two-section asymmetric broadband MIC directional coupler
with dielectric overlays
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Fig. 2 - Dielectric-overlay coupler
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E1. SELECT THE LENGTH AND LOSSLESS COUPLING
VALUES FOR EACH COUPLING SECTION.

2. CALCULATE THE COUPLING PERFORMANCE CURVE.

3. ADJUST THE COUPLING VALUES FOR THE
DISSIPATION LOSS.L 4. ASSUME A CROSS-SECTIONAL GEOMETRY FOR EACH
COUPLING SECTION.

5. COMPUTER PROGRAM MICDOC CALCULATES THE
SECTIONAL IMPEDANCE AND COUPLING VALUES.

6. FABRICATE, TEST, AND EVALUATE THE COUPLER.

7. EMPIRICALLY OPTIMIZE THE DIELECTRIC-OVERLAY
THICKNESS FOR OPTIMUM DIRECTIVITY.

(SYSTEMATIC COUPLER)

OPTION:

8. TUNE THE SYSTEMATIC COUPLER TO MEET
SPECIFICATIONS.

(TUNED COUPLER)

Fig. 3 - Overlay-coupler design approach

COUPLER PERFORMANCE

Introductory Considerations

This section contains the characteristic-performance results and the design-parameter
values for the 6-, 10-, and 20-dB couplers. These couplers, although having different
coupling values, have much in common with regard to the developmental considerations,
and for this reason the 10 dB directional coupler will be singled out as representative of
the class of microstrip couplers with dielectric overlays.

When the design objectives were formulated, the intention was to design and develop
high-performance broadband MIC couplers in a frequency band of practical interest. The
frequency range selected was 2.5 - 8.5 GHz. Each coupler used two asymmetric, cas-
caded, quarter-wavelength (at midband) sections because the bandwidth could be covered
with only two sections and because phase-quadrature output signals were not required.
The coupler patterns were etched on 25-mil-thick alumina substrates with K - 10 and
used dielectric overlays of the same material.

A detailed description of the design approach will now be given using the 10 dB
coupler as an example. However, with an effort to maintain a concise description of the
development program some of the "general interest" design information is referred to
the Appendices.
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10 dB Coupler

First, the lossless coupling values for the two coupling sections were determined
from Levy's tables for a 4:1 bandwidth and a 0.75 dB coupling ripple. These coupling
values were 7.2 dB and 15.7 dB for the tight- and loose-coupling sections respectively.
Using these coupling values and assuming 0.5 dB dissipation loss for the device, calcula-
tions were made to determine the coupling performance over the band (Appendix B). It
was found that for a tight section of length 0.219 in. and coupling value 6.9 dB, together
with a loose section of length 0.219 in. and coupling value 16.0 dB, the coupling curve
over the band is 9.50 ± 0.55 dB. Figure 4 shows this coupling curve with the loss factor taken
into account. This performance curve, 10.00 ± 0.55 dB, was then the design objective.

12 I 

10

82 3 4 5 6 7 8 9

FREQUENCY (GHz)

Fig. 4 - Target coupling performance for the 10 dB coupler with 0.5 dB loss
compensation. C1 = 6.9 dB, C2 = 16.0 dB, Q, = Q2 = 0.219 in.

Having established the quarter-wavelength-section midband coupling values, the only
design parameters remaining to be specified, before using computer program MICDOC,
are the characteristic impedance of each section and the thickness of the dielectric over-
lay on the coupled lines. In this work all sectional impedances were 50 ohms. Normally,
on the very first coupler model the overlay thickness T is taken as some convenient sub-
strate thickness. Table 2 contains design information and geometry parameters required
by MICDOC for specific 6- and 20-dB couplers and an iteration sequence of 10 dB cou-
plers. The performance characteristics for these four coupler models are shown in Figs.
5 - 8. The first 10 dB coupler model (Fig. 5) is interesting in that it behaves just as ex-
pected - rather decent performance in all respects except the directivity. After the first
coupler model is evaluated, the next value of T (overlay thickness) is determined by ex-
perimental evidence rather than by convenience. Note how the value of T changes from
25 mils to 3 mils for the second-generation coupler (Fig. 6). The second coupler model
exhibits significant performance improvement over the first model and begins to resem-
ble the desired design objectives. An attempt was made to tune this systematic coupler
by using partial overlays and pushing them about the circuit while monitoring the coupler
performance. The results of this procedure appear in Fig. 7, where it is seen that some
improvement in the performance had been gained. Finally, a third iteration of the de-
sign technique produced a systematic coupler with performance characteristics as shown
in Fig. 8. These data compare favorably with the desired coupling curve of Fig. 4.
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Table 2
Coupler Design Information and Geometry Parameters

Coupling Coupling L H W I T Measured-Performance-
Coupler Model Section (dB) (ohms) (mils) (mils) (mils) (mils) (mils) Curve Figure
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ± _ _ _ _ _ _ _ _ _

6 dB (Tuned) Tight 3.49 50.0 200.0 25 8.5 1.4 10.01
First Model Loose 12.9 50.0 200.0 25 19.8 18.6 5.0*

6 dB (Systematic) Tight 3.48 50.0 200.0 25 8.75 1.2 7.0 11
Second Model Loose 12.9 50.0 200.0 25 19.0 21.3 10.0

10 dB (Systematic) Tight 6.90 50.0 200.0 25 13.9 3.8 25.0 5
First Model Loose 16.0 50.0 200.0 25 15.9 39.4 10.0

10 dB (Systematic) Tight 7.00 50.0 200.0 25 15.7 5.2 3.0 6 :>
Second Model Loose 16.0 50.0 200.0 25 20.0 30.4 10.0

10 dB (Tuned) Tight 7.00 50.0 200.0 25 15.7 5.2 3.57
Second Model Loose 16.0 50.0 200.0 25 20.0 30.4 10.0 7

10 dB (Systematic) Tight 7.00 49.9 200.0 25 15.5 5.8 5.0 8
Third Model Loose 16.0 49.9 200.0 25 19.0 32.3 14.0

20 dB (Systematic) Tight 16.9 50.0 200.0 25 18.8 39.8 25.0 13
Second Model Loose 27.1 50.0 200.0 25 18.8 76.5 15.0

*Indicates partial overlays
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Fig. 6 - 10 dB coupler, systematic (second generation)
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Fig. 8 - 10 dB coupler, systematic (third generation)

8 9

12

I I I I I I

I I I 

C')3:
>)

3

0 2

C')

z I
Er

0

12

11
CD

10
-J

a_

09
_ 0
C-9

8

24

22

20

m
: 18

> 16
F-)

L• 14
0

12

10

8

I I I I I I

I I I I I I

I I ,~~~~~I

I I I I I I



NRL REPORT 7872
pr.

Most of the test results have double curves, which indicate two measurements, one i,
from a port leading to the tight-coupling section and one to a port leading to the loosely
coupled section. This is necessary for asymmetric couplers, because if there is a mis-

rTIm
match condition in the intersection-transition region, it will be masked when looking into
the tightly coupled section. Once the coupling curve is measured, it will be quite appar-
ent if the coupling values or section lengths need adjustment (Appendix C). No section
length changes were made in this investigation, even though it appears that some section
lengthening would have been advantageous.

6 dB Coupler

The target coupling performance curve for the 6 dB coupler is shown in Fig. 9.
This calculation assumed a 3.5 dB tight section, a 12.9 dB loose section, and 0.5 dB dis-
sipative loss. Figures 10 and 11 give the performance curves of the initial and final de-
sign models. Notice that the chief difference between the "tuned" first model and the
systematic final model is the directivity. This illustrates clearly that although the cou-
pler isolation can be enhanced by empirical tuning, it is more desirable to do another de-
sign iteration. The test results for these devices show that the coupling curves closely
approximate the target value of 6.0 ± 0.4 dB.

-7
I I I I I /

CD6
-J

5
2 3 4 5 6 7 8 9

FREQUENCY (GHz)

Fig. 9 - Target coupling performance for the 6 dB coupler with 0.55 dB loss
compensation. C1 = 3.5 dB, C2 = 12.9 dB, and Q, = Q2 = 0.219 in.

One might ask how critical the fabrication operation is in this design approach,
since extremely tight dimensional tolerance is difficult to maintain in production. This
problem was addressed by evaluating an over-etched 6 dB coupler, designed in exactly
the same manner as the other 6 dB circuits. The test results for this systematic coupler
(Fig. 12) indicate a high-performance 6.7 dB coupler. The gap, overetched by about 0.8
mil, loosened the coupling but did not alter other performance characteristics significantly.

20 dB Coupler

The 20 dB coupler proved to be more difficult to develop than either the 10- or
6-dB coupler. The most successful model developed in this effort is characterized by the
performance curves of Fig. 13. The coupling ripple is slightly greater than the design-
goal performance of Fig. 14, but the overall performance is still of high quality.
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2 3 4 5 6 7
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Fig. 10 - 6 dB coupler, tuned (first generation)
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Fig. 11 - 6 dB coupler, systematic (second generation)
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Fig. 12 - 6.7 dB coupler, systematic
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20

o I I I I

192 1 1 /
2 3 4 5 6 7 8 9

FREQUENCY (GHz)

Fig. 14 - Target coupling performance for the 20 dB coupler with 0.5 dB loss
compensation. C1 = 16.9 dB, C2 = 27.3 dB, V, = V2 = 0.219 in.

A packaging problem arose in the development of the 20 dB coupler that had not
occurred before. All of the couplers described heretofore were packaged exactly the
same. However, there was a noticeable "box top" effect observed when the 20 dB cou-
pler was housed in the same casing. The box-top height above the etched circuit pattern
was 0.135 in., and apparently this was not adequate for this coupler. This proximity ef-
fect might be inherent in all overlay couplers with loose-coupling sections. The sectional
coupling values for this 20 dB coupler are 16.9 dB and 27.1 dB, which are quite weak
coupling values.

Another production consideration is performance repeatability for similar couplers
designed and developed by the same technique. To demonstrate this repeatability, two
20 dB directional couplers were fabricated from the same mask. Routine care was used
throughout the fabrication and testing operations. The performance evaluations for these
two couplers (Fig. 15) clearly demonstrate the production utility of this development
technique. Engineering drawings of the circuit patterns for the 6-, 10-, and 20-dB cou-
plers are found in Appendix A. These are the actual drawings used to produce the
artwork.

SOME CONSIDERATIONS FOR VERY TIGHT COUPLERS

The success in predictably designing the 6-, 10-, and 20-dB couplers prompted
consideration of dielectric-overlay techniques for use in more tightly coupled broadband
couplers - specifically, a 3 dB hybrid coupler.

The most obvious approach for achieving tight-coupling levels is to cascade quarter-
wavelength (X/4)-long sections of the coupled line structures. Computations (program
COUPLE) show that a X/4-long section with about 1.4 dB coupling is required to design
a 3 dB hybrid coupler with 1 dB maximum unbalance over a frequency range 2.5 - 8.5
GHz. As mentioned earlier, results obtained using program MICDOC show that the tight-
est coupling achievable in a X/4 section of dielectric-overlay coupler on 25-mil-thick
alumina is 3 dB. This limiting level is attributable partly to current limitations in fabrica-
tion tolerances.

The next approach considered was the tandem interconnection of 8.3 dB dielectric-
overlay couplers to implement the 3 dB hybrid coupler, as depicted schematically in
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Fig. 16. As is indicated in this figure, the tandem interconnection of 8.3 dB couplers
topologically requires microstrip crossovers in each coupler. The authors were cognizant
of a previous investigation [6] which leads to the development of a high-performance,
3 dB hybrid coupler of this type. Over the frequency range 3 - 9 GHz, that coupler
had a maximum inbalance of about 0.8 dB. The VSWR was 1.2 or better, the worst
case isolation was 20 dB, and the worst case dissipation loss measured about 1.1 dB.

CROSSOVERS

Fig. 16 - Schematic diagram of a 3 dB coupler using two dielectric-
overlay 8.3 dB couplers connected in tandem

Improvement of the predictability of the design and repeatability of the performance
of this coupler was then considered. Because the design of the coupler just described did
not prescribe the positions of the dielectric overlays, empirical tuning by adjusting over-
lay positions was necessary to obtain good electrical performance. This situation clearly
could be improved by appropriately using program MICDOC. Even with this improve-
ment, however, the predictability and repeatability would still be questionable due to the
microstrip crossovers necessary for implementing the tandem interconnection of the cou-
plers. The previous effort required time-domain reflectometer (TDR) equipment to in-
corporate crossovers into the circuit with good electrical performance.

To improve the repeatability of these couplers, it was decided to investigate micro-
strip crossovers which could be adequately designed and fabricated without resorting to
TDR monitoring of performance. Figure 17 shows the crossover chosen as the most
promising candidate, based on considerations of symmetry and electrical-design principles.

Two symmetric, three-section, 8.3 dB couplers were built and tested, one with a
crossover in the tight section and one without. These couplers were designed to have a
5.6 dB center section and 20.2 dB end sections, producing a calculated resultant coupling
characteristic of 8.31 ± 0.36 dB over the band. Figure 18 compares the performance
characteristics of these two couplers. The "tilt" in the coupling vs frequency character-
istics for the coupler without a crossover is attributable to an effective change in the
electrical lengths of the coupler sections due to the intersection transitions. Since these
effects must also be present in the coupler with a crossover, the difference in the per-
formance of these couplers is attributable to effects of the crossover. Since empirical
tuning is not to be employed, it appears unlikely that a good crossover can be developed
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'It 9... 4 .

Fig. 17 - Systematic crossover

without a more thorough study for each coupling value. Also, for the sake of complete-
ness, a nonsymmetrical crossover was tested, and it proved to have performance essen-
tially the same as that of a symmetrical crossover.

In spite of the performance of the individual 8.3 dB coupler with crossovers, inves-

tigation of the crossover effect was pursued further by constructing a 3 dB hybrid cou-
pler from them. The measured performance of this coupler is shown in Fig. 19.

It should be noted that this investigation was cursory in nature and is intended to

serve only as a guideline for further investigation of tight, broadband couplers.

DISCUSSION

The use of dielectric overlays to improve coupler directivity was first reported on
for broadband couplers by Spielman [3]. A design procedure was described that took

21

Cr

C:

r I

rr~

.\~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I

A

It



SHELEG AND SPIELMAN

3.0

2.5

16 .

14 .

12 f

1o

8

24 I I I I I I

20 -

16- \\

12 _ \\ _

4 
"I

"I

0 I I I I I Ih .
2 3 4 5 6 7 8 9

FREQUENCY (GHz)

Fig. 18 - 8.3 dB couplers (compares performance of two identical couplers -

one with a crossover, one without). Solid line: no crossover; dashed line: with

crossover.

22

Cl)3:
>) 2.0

1.5

1.0

. 3

IlI I I I I

/

I - ----- L -- I I I -
:~~~~. -

m

CD2

Ci)
z 1

I-
0

I I I I I I

I I I I II

minV
CDz
-1
a-
00

I I I I I I -

' :- -n:

I I I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I

in

0

-



NRL REPORT 7872

COUPLED\_,

I TRANSMITTED

l I l I

1 /
/I-

/
/

/ -

/
/

/

16 J I , _ I
2 3 4 5 6 7 8 9

FREQUENCY (dB)

Fig. 19 - 3 dB hybrid coupler

23

3.0

3C/
>n

C7,-

r.-I

IrIm

12-

10I->

-Ja
-i2
CD
U)

8

6

4

2

m

z
0

-J
0
U)



SHELEG AND SPIELMAN

into account the increased coupling caused by the dielectric overlay but neglected the
accompanying impedance drop. Consequently, it was usually necessary to painstakingly
position the overlays on the coupler while monitoring its performance until a satisfactory
compromise was achieved between the directivity and VSWR. The result was a tuned
coupler. In Lee's [7] application of coupled microstrip with dielectric (resistive) over-
lays to directional-filter design, the assumption is made that the "proper" overlay equal-
izes the modal phase velocities by changing only the odd-mode velocity. The proper
overlay geometry and position must be determined empirically. Though this approach
offers approximate design information for determining the coupling and impedance in
the coupled-line region, the assumption about the behavior of the modal phase velocities
is not adequate for loosely coupled lines and broad frequency bands. This leads to inac-
curacies in the coupling level, impedance, and electrical length of the coupled-line region.
Buntschuh [6] formulates a design procedure based on an empirically derived formula
for effective dielectric constant in the coupled region. This formula gives approximate
design information for coupling, impedance, and electrical length for the nondispersive
case. Much of this design approach is presented in useful graphical design curves. Again,
this procedure requires "tuning" to achieve broadband, high-performance characteristics.

The design approach described in this report can be characterized as follows: The
coupling and impedance of the coupling region are accurately specified by using MICDOC,
a quasi-TEM computer analysis program, for X/4-long coupling sections. This analysis
does not account for dispersive effects because it invokes a zero-frequency model; there-
fore the electrical-length dispersion is not computed. All coupler-geometry parameters
(line widths, gap, and overlay dimensions and location) are determined precisely by com-
puter for the circuit pattern. This permits each X/4-long coupling section to be designed
independently. Nevertheless, one empirical determination does remain - that of opti-
mizing the overlay thickness to achieve high directivity. The distinguishing feature of
this operation is that it is a systematic empirical procedure that needs only to be per-
formed on the prototype of each model.

More design information is needed which relates the overlay thickness required for
directivity optimization to coupling and frequency. Also lacking is design information
which relates the coupled-line electrical length to overlay thickness and includes the dis-
persive effects. This information, together with the computer-aided analysis described
earlier, will greatly facilitate the systematic design of the desired couplers, filters, and
phase shifters which use interconnection of coupled-line sections of microstrip with di-
electric overlays.

Other design considerations should be mentioned. First, the intersection transition
connecting the multicoupling sections is very important. A poorly matched transition
can cause problems with the isolation, coupling section length, and input impedance.
Caution should be exercised in symmetric couplers where adverse transition effects tend
to be masked. It was found that the most successful intersection transitions were those
which had their center lines almost perpendicular to the coupled microstrip lines.

Second, the coupling section length is difficult to precisely predict because it is af-
fected by the dielectric overlay, intersection transition, and mitered corners [8] at the
coupling region. The electrical length did not seem to change appreciably when
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systematic couplers were tuned with partial overlays. Usually, one design iteration is
sufficient to determine the proper electrical length of the section.

Third, there are definite limits on the coupling values. It was calculated that for a
25-mil-thick substrate and a coupling gap of 1.0 mil, which requires care to fabricate,
the tightest coupling obtainable would be less than 3 dB, regardless of the overlay thick-
ness. Smaller size gaps are possible, but the fabrication problems become horrendous for
250-gin. metalization thickness, especially in production. It was this coupling limitation
which precluded the 3 dB hybrid coupler from this discussion. On the other hand, for
very loose coupling (< 18 dB) some unusual performance behavior is observed. Prior
mention was made of the "box top" effect encountered with the 20 dB directional cou-
pler. When the individual 27.1 dB coupling section was examined, its performance also
exhibited some adverse effects. Certainly, for a weak coupler the effects of various mis-
matches and termination quality become pronounced. Also, "box top" proximity effects
tend to become more significant for looser couplers.

Finally, investigation of the interdependence of overlays in multisection couplers
could result in either the elimination of overlays on some coupled sections or in a relaxa-
tion of fabrication problems caused by overlays that have unpractical dimensions.

CONCLUSION

A computer-aided, systematic, design technique was used successfully to develop a
class of high-performance, broadband, MIC couplers with dielectric overlays.

Three directional couplers (6 dB, 10 dB, and 20 dB) were designed, fabricated, and
evaluated. The measured and predicted performance characteristics of these couplers
showed good agreement. This design approach is characterized by prescribed locations
for the dielectric overlays, an essential operation for use in integrated systems. The sys-
tematic development of these directional couplers, which precludes individual tuning,
makes them especially suitable for large-quantity production.
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Appendix B

DESCRIPTION AND LISTING OF THE PROGRAM (COUPLE) FOR CALCULATING a>
THE COUPLING CURVES FOR TWO-SECTIONS, ASYMMETRIC COUPLERS

Given the sectional coupling and length values for a two-section asymmetric direc-

tional coupler, the coupling performance curve can be calculated as follows: Let

C1 = coupling value (voltage ratio) of section 1,

C2 = coupling value (voltage ratio) of section 2,

V, = length (meters) of section 1,

V2 = length (meters) of section 2,

F = frequency (Hz),

and

v = 1.2 X 108 m/s.

The even-mode impedance Z 0 e for the first section can be expressed as

(ZOe)i (1 + C, 1/2

where Z0 is the characteristic impedance. Similarly, for the second section the even-
mode impedance is

(ZOe)2 _+_C 2 \ 1/2

Zo \i- C2 )

and thus

(ZOe)2 (1 + C2) (1 - CO)1/2

(ZOe) L(1 - C 2 ) (1 + C 1 )O

An ABCD matrix approach yields

Xl = COS °1 COS 02 - sin 01 sin 02 [(Z0e)1/(Z0e)2]
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= (ZOe)2
X2 = lz

0o

X3 = °o sin
(Z0 ei

cos 01 sin 02 + (Z~e )
zo

sin 01 cos 02,

01 COS 02 + ° cos 01 sin 02,
(Z0 e)2

and

X4 = COS 01 COS 02 - °e2 sin 01 sin 02,
(ZOe)1

where

01 = 27 ,02
V

2XTQ2 F

_V

If we let

U1 = X1 = X4,

U2 = X1 - X4,

V1 = X2 + X3,

and

V2 = X2 = X3,

the resulting coupling (voltage ratio) can be expressed as

C =.
+ V

or in decibels as

CdB = -20 log 10 C.

A listing of the computer program follows.
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Appendix C
COUPLING CHARACTERISTICS FOR TWO- AND THREE-SECTION COUPLERS

A set of coupling curves was calculated for the asymmetric two-section coupler and
the symmetric three-section coupler. These calculations show the effect of section-length
and section-coupling-level changes on the coupling performance curve. The coupler mod-
els are shown in Figs. C1 and C2, where the tight-section length and coupling are denoted
by L1 and C1 and the loose-section length and coupling are denoted by L2 and C2. In
each set of curves (Fig. C3 - C10) the reference curve is the case when the sectional
lengths are X/4 at midband frequency. In each figure the coupling for each section is
given in decibels and the sectional length in mils.

C2 C1

L2 L1-I-. - --I

Fig. C1 - Asymmetric two-section coupler

C2 C1 C2

,---
Fig. C2 - Symmetric three-section coupler

L 2 L1 L2

4.-I

5 6
FREQUENCY(GHz)

9

Fig. C3 - Asymmetric coupler - effect of changes in loose-section midband
coupling on coupling vs frequency characteristic
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14.9 27.1 0.219 0.219

16.9 27.1 0.219 0.219
18 _ - 18.9 27.1 0.219 0.219

17

2 3 4 5 6 7 8 9
FREQUENCY (GHz)

Fig. C4- Asymmetric coupler - effect of changes in tight section midband
coupling on coupling vs frequency characteristic
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Fig. C5 - Asymmetric coupler - effect of changes in tight section length on
coupling vs frequency characteristic
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Fig. C6 - Asymmetric coupler - effect of changes in loose section length on
coupling vs frequency characteristic
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CURVE CI (dB) C2 (dB) I 1(in.) i 2 (in.)

4 20 0.219 0.219
_- _ _ _ 5 20 0.219 0.219
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Fig. C7 - Symmetric coupler - effect of changes in tight section midband
coupling on coupling vs frequency characteristics

5 6
FREQUENCY (GHz)

Fig. C8 - Symmetric coupler - effect of changes in loose section midband
coupling on coupling vs frequency characteristic
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5 6
FREQUENCY (GHz)

Fig. C9 - Symmetric coupler - effect of changes in loose section length on
coupling vs frequency characteristic

5 6
FREQUENCY (GHz)

Fig. C10 - Symmetric coupler - effect of changes in tight section length on
coupling vs frequency characteristic
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